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Abstract 
An acoustic modal decomposition of the measured 
pressure field in a full-scale annular combustor in- 
stalled in a ducted test rig is described. The mo- 
dal analysis, utilizing a least squares optimization 
routine, is facilitated by the assumption of ran- 
domly occurring pressure disturbances which generate 
equal amplitude clockwise and counter-clockwise 
pressure waves, and the assumption of statistical 
independence between modes. 
fully justified by the measured cross-spectral pha- 
ses between the various measurement points. The re- 
sultant modal decomposition indicates that higher 
order modes compose the dominant portion of the com- 
bustor pressure spectrum in the range of frequencies 
of interest in core noise studies. A second major 
finding is that, over the frequency range of inter- 
est, each individual mode which is present exists 
in virtual isolation over a significant portion of 
the spectrum. 
Finally, a comparison between the present re- 
sults and a limited amount of data obtained in an 
operating turbofan engine with the same combustor 
is made. The comparison is sufficiently favorable 
to warrant the conclusion that the structure of the 
combustor pressure field is preserved between the 
component facility and the engine. 
These assumptions dre 
Introduction 
As part of a program to investigate the nature 
and significance of turbofan engine core-noise 
sources, a comprehensive measurement program of the 
pressure field at a variety of locations within the 
core of a YF-102 turbofan engine, simultaneously 
with the far-field acoustic pressure, has been un- 
derway for several years at the Lewis Research Cen- 
ter. Extensive analyses of this data using a vari- 
ety of advanced signal diagnostic methods such as 
correlation and ordinary coherence techniques, con- 
ditioned spectral analysis (i.e., partial and mul- 
tiple coherence analysis) and a recently developed 
tri le ignal coherence analysis, have been conduc- 
ted?l-4S. 
In Ref. 1 the combustor was unambiguously iden- 
tified as the major source of core noise at frequen- 
cies below about 200 Hz. This was shown by rigorous 
interpretation of the geometric properties of cer- 
tain two-poifit pressure correlation functions within 
the core and between core pressures and far-field 
acoustic pressures. 
computations, this contribution was quantified in 
Ref. 2. In Ref. 3, using a novel triple signal co- 
herence technique, Krejsa was able to quantify the 
core noise contribution from this engine very accu- 
rately at frequencies up to about 1 kHz, although 
the origin within the core of this noise was not 
identifiable. 
analysis as a diagnostic technique, evidence was 
presented which strongly suggested that the core 
noise measured between about 200 Hz and 1 kHz was 
'Member A I A A  
Using coherent output power 
In Ref. 4, using conditioned spectral 
This paper i s  declared a work of the US. 
Government and therefore is in the public domain. 
also, in fact, combustor originated. 
Having identified the combustor as the primary 
source of core noise, and having available accurate 
techniques to accurately quantify its contribution 
to overall engine noise from a given turbofan, a 
logical next step is to develop techniques to enable 
the ultimate prediction of core noise without having 
to make further measurements. This, in turn, re- 
quires a description of two elements: the source 
characteristics (i.e. , the structure of the fluctua- 
ting pressure field within the combustor) and the 
propagation path characteristics within the engine 
core. This paper will deal with the pressure field 
within the combustor, specifically the modal con- 
tent, as determined experimentally. 
tor is to be tracked through the engine and to the 
far-field, its modal content must be known. Fur- 
thermore, extensive testing of many combustor de- 
signs on full-scale operating turbofan engines is 
extremely cumbersome and prohibitively expensive. 
Consequently, it is desirable to conduct such stud- 
ies on less expensive, more flexible apparatus spe- 
cifically designed for such purposes, such as duc- 
ted combustor component rigs. This paper, there- 
fore, will deal with the measured pressure field - 
specifically, the modal content - in the combustor 
of a component test facility. A corollary question 
then arises as to the relationship between combustor 
internal pressure measurements obtained in a compo- 
nent test facility and those obtained in an engine. 
Comparisons, therefore, will also be presented with 
some limited data obtained earlier from an opera- 
ting YF-102 turbofan. 
If the acoustic field generated in the combus- 
Test Facility, Instrumentation, and 
Data Processing 
Component Test Facility and Combustor 
The combustor component test facility was oper- 
ated for the NASA Lewis Research Center, under con- 
tract, by the Lycoming Division of the AVCO Corpor- 
ation at their manufacturing and research facilities 
in Stratford, Connecticut. 
schematically in Fig. 1, consists of: an inlet sec- 
tion to distribute the flow; the combustor contain- 
ing the liner, fuel nozzles (Fig. 2), and igniters; 
a water cooled exhaust diffuser and plenum; an ex- 
haust valve; and an exhaust stack to the atmosphere. 
Pressurized air was supplied to the facility by a 
series of compressors, and the desired inlet temper- 
atures were obtained by electric heaters. Combustor 
inlet pressure, temperature, and mass flow rate were 
set to simulate engine operating conditions at the 
desired test points. 
of the test facility and apparatus can be found in 
Ref. 5. 
The facility, shown 
A more detailed description 
The YF-102 combustor is a reverse flow, annular 
type, with a nominal outside diameter of 55.4 cm and 
an annulus height of 6.0 cm at the measurement plane 
(Fig. 2). 
at five combustor conditions, which approximately 
Data were obtained in the test facility 
corresponded to those which would prevail at engine 
operating points between 25 and 60 percent of maxi- 
mum design speed. At these conditions the combustor 
exit temperature varied between 1000 and 1100 I(. 
Internal Probes 
The data and analysis reported in this paper 
were obtained from six dynamic pressure probes 
placed in the outer annular wall of the combustor 
liner at a single axial location in the combustion 
zone. 
ing stations corresponded to a reference location 
( 0  ) and five others at angular displacements of 
30', 60', 90' , 135" , and 180' from the reference 
location (Fig. 1). The probes used to measure these 
fluctuating pressures in the combustor were cpoled 
"semi-infinite" waveguide tubes using conventional 
condenser microphones as the actual transducers. A 
detailed description of their design and response 
characteristics may be found in Refs. 1 and 2. 
Data Acquisition and Processing 
multaneously FM-recorded on magnetic tape for later 
processing. The record lengths at each operating 
condition were a minimum of 2 minutes in duration 
to provide adequate statistical confidence in the 
results. The microphones were calibrated each day 
with a standard pistonphone prior to recording data. 
The pressure auto- and cross-spectra required for 
the modal analysis were obtained by off-line pro- 
cessing of the tape-recorded data on a two-channel 
fast Fourier transform digital signal processor with 
built-in analog to digital converters and 120 dB/ 
octave anti-aliasing filters. 
capable of direct computation of up to a 4096 mem- 
ber ensemble average of a 1024 point forward or in- 
verse Fourier transform to yield either frequency 
domain (coherence, amplitude, and phase auto- and 
cross-spectra, and transfer function) or time domain 
(correlation) information. The resulting digital 
spectra were then transmitted from the processor to 
a central computer with which it was interfaced to 
perform the computations required for the modal de- 
composition described later. 
The circumferential placement of the measur- 
All signals from the pressure probes were si- 
The processor was 
Analysis 
The approach implemented here to perform the 
modal analysis entails the simultaneous use of six 
cross-spectra obtainable from the six combustor 
pressure signals, taken in pairs. 
the same method reported in Ref. 6, and called by 
the authors a "Time Averaged Mode Separation Tech- 
nique." In the present application, using the 0" 
location (see Fig. 1) as an arbitrary, but common, 
reference, six pressure cross-spectra were gener- 
ated. 
The cross-spectrum, in general a complex quan- 
tity, is defined, for a given pair of random pres- 
sure signals, at a given frequency f, as 
It is essentially 
~GO,(f) = Po(f)P;(f) 
The overbar indicates an ensemble average, and 
Po(f) and Pe(f) are the (digitally computed) 
Fourier transforms of the measured pressure signals 
at the reference position and at the angle e, re- 
spectively. The *, as usual, designates the corn 
plex conjugate. 
In general, GOe(f) is a complex quantity con- 
taining both amplitude and phase information. The 
measured results, for a single operating condition, 
are shown in Figs. 3 and 4 for the five angles o f  
30", 60", go", 135', and 180" with the 0" position 
as the common reference. (The sixth "pair" is, of 
course, simply the auto-spectrum at the reference 
position, and therefore contains no phase informa- 
tion.) 
spectra are not especially remarkable, the cross- 
spectral phases (Fig. 4) are quite notable in that 
the phase differences are predominantly either 0" 
or 180", with essentially no measured phase angles 
lying between these limits. This feature of the 
phase spectra, characteristic of standing waves, is 
typical of all tested operating conditions of the 
combustor. Furthermore, it suggests a relatively 
simple model for the pressure field in the annulus 
and considerably facilitates the modal decomposi- 
tion. 
While the amplitudes (Fig. 3) of the cross- 
Modal Decomposition Technique 
The analysis proceeds by assuming that a ran- 
domly occurring instantaneous pressure disturbance , 
produced by the combustion turbulence, sends a clock- 
wise and counter-clockwise pressure wave traveling 
around the annulus. At any angle e the two 
waves add to produce the resultant pressure: 
Here, A, and 6, are the amplitudes of the clock- 
wise and counter-clockwise waves, respectively, as- 
sociated with the lowest radial order of the mth 
circumferential mode, qm is the phase of the mth 
mode, and M is the total number of modes present. 
As will be justified later, higher order radial 
modes are neglected. 
At the reference angle ( e  = 0) we simply have 
M-1 
J Yn Po = eJwt (A,,, + B,)e 
m=O 
Hence 
or 
+ Bne -j( Qn+ne7 
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I (3)  
J j(qm-qn-nee) + (BmBn + AnBm)e m=O n=O 
Upon performing the averaging process indicated by 
Eq. (I), the individual products in Eq. ( 3 )  become 
correlations. An important assumption is now made 
that the modes are independent and, therefore, their 
cross-correlations vanish. Consequently, all terms 
in the averaged version of Eq. ( 3 )  for which m # n 
vanish, and the double sums which remain for m = n 
may be contracted to single sums- 
(41 
Finally, after some minor manipulation, Eq. (4) can 
be re-written as. 
M-1 
TF - 2 pm + cos me o e  
m=O 
m=O 
Equation (5) is the general expression for the com- 
plex cross-spectrum between the pressure measured at 
the reference position and the pressure measured at 
a given angle e relative to the reference posi- 
tion. The phase of this cross-spectrum, then, is; 
M- 1 c (3 - 2)sin me 
m=O 
If the characteristics of the acoustic sources are 
such that an instantaneous pressure disturbance cre- 
ated in the combustor sends equal amplitude clock- 
wise and counter-clockwise pressure waves travel ing 
around the annulus, then = B,. From Eq. ( 5 ) ,  
the imaginary part of the cross-spectrum vanishes, 
and from Eq. ( 6 )  it is seen that the phase must then 
be either 0' or 180', depending upon the sign of the 
real part. From the data shown in Fig. 4, this is 
essentially what i s  observed. 
then becomes, when it is assumed that Am = B,": 
The equation for the complex cross-spectrum 
M-1 
(7) 
The phase angle, then, is given by: 
T 
I = 180' for 60e(f)< 0 
Equations (7) and (8), together with the measured 
pressure cross-spectra from the combustor, form the 
basis for the modal analysis conducted in this in- 
vestigation. 
Equation (7) can be written for each of the six 
measured cross-spectra. It is further assumed that, 
at most, only the first six modes made significant 
contributions to the pressure field in the combustor 
over the frequency range of interest in core noise 
studies. This latter assumption will be shown to be 
amply justified by the results of the modal decompo- 
sition. The resulting six equations in six unknowns 
can then, in principle, be solved on a frequency by 
frequency basis to obtain the modal amplitudes. 
As noted above, the assumption of equal ampli- 
tude clockwise and counter-clockwise spinning modes 
gives rise to the requirement that the cross- 
spectral phase angles be either 0' or 180'. It i s  
clear from the phase spectra shown in Fig. 4, how- 
ever, that while the measured data are qualitatively 
highly consistent with this assumption, the assump- 
tion is, nevertheless, not perfectly valid, even al- 
lowing for normal experimental error and statistical 
variance. Hence, the basic model being proposed for 
the pressure field, as given by Eqs. (7) and (8) is, 
at best, a good approximation. Furthermore, the six 
cross-spectra required as input to the six versions 
of Eq. (7) are themselves experimentally determined 
variables, also subject to nominal experimental er- 
ror and statistical uncertainties. 
For these reasons there is obviously no assur- 
ance that the set of six equations in six unknowns 
will have, at any given frequency, a solution in the 
sense of yielding six unique modal coefficients, or 
amplitudes. The result will depend upon the partic- 
ular combination of six probes chosen. Tne system 
of equations will, however, have an optimum solution 
in, for example, a least squares sense. That is, a 
single set of coefficients for Eq. (7) may be found 
which minimizes the sum of the squares of the dif- 
ferences between the six measured cross-spectra and 
the corresponding cross-spectra computed via Eq. (7). 
Quantitatively, then a search is conducted to fino a 
set of coefficients A, to minimize the function S :  
L 
Here, I G O e . l  
cross-spectr%m between the pressure at the reference 
position and the pressure at the angle ei- There 
are numerous existing optimization routines which 
can be used for such a minimization problem. The 
search technique used in this study is described in 
Ref. 7, and the computer program used was adapted 
from Kef. 8. 
tional point requires some discussion. At some 
is the magnitude of the measured 
Before proceeding to the results, one addi- 
m=O 
3 
angles the measured cross-spectrum can be inherently 
small over a broad range of frequencies because of 
the distribution of the modes which may dominate the 
spectrum at those frequencies. For example, at 
e = go", if it should occur that one or more odd or- 
der modes dominate the spectrum over some frequency 
range, then the magnitude of the cross-spectrum will 
be very small in that range. If the cross-spectrum 
is sufficiently small then the resulting signal-to- 
noise ratio in the measurement is inadequate to pro- 
duce a satisfactory set of modal coefficients from 
the optimization routine. That is, the difference 
between the measured cross-spectrum and that which 
would be reconstructed by Eq. (7) would be unaccept- 
ably large. Furthermore, the reconstructed phase 
would randomly jump between 0' or 180', in contrast 
to the systematic behavior exhibited by the measured 
phase and shown in Fig. 4. 
the measured phase is much better behaved than the 
cross-spectrum magnitude. 
basis for slightly altering the actual function 
which was minimized. The function given by the 
expression in Eq. ( 9 )  was modified to include a 
weighting factor: 
In general, as can be seen from Figs. 3 and 4, 
This observation was the 
The weighting factor, Wi, was set equal to 
unity (i.e., no weighting) when the sign of the re- 
constructed cross-spectrum (which is pure real) was 
the same as the sign of the real part of the mea- 
sured cross-spectrum. If the siyns were different, 
the weighting was set equal to a factor of five. 
This weighting, or penalty factor, effectively re- 
quires the optimization routine to search for a set 
of coefficients which accurately reconstructs both 
the amplitude and phase data, simultaneously. 
ious values for Wi were tried. A value of five, 
however, appeared to provide an optimum sensitivity 
for both amplitude and phase.) 
(Var- 
Results 
Reconstruction of Measured Oata 
An indicator of the degree to which the nu- 
merical optimization procedure discussed above 
yields an acceptable set of modal amplitudes is how 
well the coefficients can be used to reconstruct the 
original measured spectra, using Eq. (7). Examples 
of the precision with which the procedure was in 
fact capable of reconstructing the measured data are 
shown in Figs. 5 and 6. In Fig. 5 are shown the 
spectral amplitudes for several cases, with the 
solid line being the measured spectrum and the plot- 
ted circles being the reconstructed values. 
measured spectra contain 350 points with a 4-Hz 
bandwidth. Although the coefficients were computea 
at all 350 frequencies, the reconstructed points are 
plotted only at every third frequency for clarity.) 
The effectiveness in reconstructing the phase is 
shown in Fig. 6. (Here, it is the circles which are 
the measured data, and the solid lines which are the 
reconstructed phases.) It is quite clear from both 
Figs. 5 and 6 that the search routine utilized is 
extremely effective in determining a set of coeffi- 
cients which accurately reconstruct the measured am- 
plitude and phase spectra. 
(The 
Estimation of Resonant Frequencies 
Oata for this study were obtained for five dif- 
ferent operating conditions of the combustor, with 
the pressure ranging from about 255 to 550 kPa and 
the temperatures from 950 to 1100 K. 
ber was approximately 0.07 for all conditions. 
These conditions roughly correspond to equivalent 
operating conditions of between 30 and 60 percent 
of maximum speed. 
the transverse modes only, the characteristic, or 
cut-on, frequencies of the normal modes are ob- 
tained from the usual expression: 
The Mach num- 
Neglecting the Mach number, and considering 
a C  m n  
fm,n - 2ak0 - 
Here, C is the speed of sound in the duct, R o  is 
the outer radius, and am is the eigenvalue as- 
sociated with the mth circumferential and nth 
radial modes. The eigenvalues are obtained as the 
zeroes of the characteristic function associated 
with the particular geometry and may be found in nu- 
merical tables. The estimated values for the reso- 
nant frequencies of the first five circumferential 
modes and the first radial mode for an annular duct 
with an inner to outer radius ratio of 0.785 (the 
same as that of the combustor studied, at the mea- 
surement plane) are shown in Table l. They were ob- 
tained by interpolating from tabulated eigenvalues 
in Refs. 10 and 11. 
TABLE 1. - ESTIMATED RESONANT FREQUENCIES 
pera- 
ture, 
K 
947 
955 
982 
989 
1100 ._ _. 
Zeroth order radial 
di- 
tion 
-. 
1 
2 
3 
4 
5 -- 
A number of aspects concerning the estimated 
values shown in the table are worth noting. First, 
the lowest frequency at which a radial mode (other 
than the plane wave) is expected to be resonant in 
the combustor is approximately 4100 to 4400 Hz, 
depending upon operating condition. 
assumption of the analysis that the modal decompo- 
sition can be conducted over the frequency range of 
interest in core noise studies by considering only 
the circumferential modes seems, therefore, to be 
justified. Furthermore, the table indicate that if 
we are concerned only with frequencies up to about 
1400 or 1500 Hz, we can probably expect significant 
contributions only from the first three or four 
circumferential modes, depending upon how rapidly a 
particular mode diminishes away from its resonant 
frequency. Finally, it is noted that with the ex- 
ception of condition No. 5, there should be insig- 
nificant changes in the observed modal peaks as a 
function of operating conditions. This is a conse- 
quence of the essentially constant thermodynamic 
conditions in the combustor over the range of con- 
ditions tested. 
The basic 
4 
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Modal Content in Component Combustor 
The actual modal content is represented by the 
individual coefficients as a fuhction of frequency. 
The results for the entire range of combustor oper- 
ating conditions in this study are shown in Fig. 7. 
The symbols represent the calculated modal ampli- 
tudes, as obtained from the optimization routine. 
Also shown, as solid lines, are the measured auto- 
spectra. Before proceeding to further discussion, 
a brief explanation of the plots shown in Fig. 7 i s  
requ i red. 
First, as in Figs. 5 and 6, the bandwidth for 
the measured data is 4 Hz, with the solid line con- 
taining 350 measured points. Again, for clarity, 
although modal coefficients were computed at all 350 
frequencies, only every third point is plotted. Ad- 
ditionally, on Fig. 7 those computed modal ampli- 
tudes which were more than 10 dE3 below the measured 
auto-spectrum were not plotted. When the contribu- 
tions of one or more particular modes at a given 
frequency to the overall spectral amplitude were 
very small, the optimization routine would yield 
values for the dominant coefficients which were, not 
unexpectedly, insensitive to the precise numerical 
values of the small coefficients. Hence, the small 
coefficients would essentially vary randomly result- 
ing in quite "noisy" spectra for their associated 
modes in those frequency ranges where they made neg- 
ligible contributions. 
a number of levels. First, there is direct confirm- 
ation that a very major portion of the source region 
contains higher order acoustic modes. In fact, 
those modes dominate the spectrum beyond about 400 
Hz and even make significant contributions to the 
spectrum at frequencies as low as about 250 Hz. 
Knowledge of how the energy contained in these 
transverse acoustic moaes is distributed is essen- 
tial to enable the combustor acoustic source infor- 
mation to be tracked through the engine. 
combustor operating conditions investigated, there 
are distinct frequency bands over which the indivi- 
dual modes, including the plane wave, exist nearly 
in isolation in the sense that there is virtually 
no overlapping of the individual modes. This is in 
sharp contrast to the situation normally found in 
fan ducts. 
of interest, there are many more modes to contend 
with, including radial modes, and individual modes 
do not dominate the spectrum over any given fre- 
quency range. The modal analysis, therefore, is 
significantly more difficult, usually requiring far 
more measurement locations than in the present 
study, normally at a number of positions which is 
larger than the number of modes thought to be pres- 
ent in the duct. 
A Comparison of Fig. 7 with Table 1 clearly 
shows that the individual modal peaks, as obtained 
from the experimental decomposition, correspond very 
closely to the estimated resonant frequencies. Each 
local peak in the measured spectrum may be identi- 
fied or associated with a single mode. Furthermore, 
other than the plane wave, no peak occurs in the 
measured spectrum at any frequency other than the 
resonant frequency of one of the circumferential 
modes. 
ting mechanism itself has a relatively smooth, some- 
what featureless, spectral shape but the annular 
The results shown in Fig. 7 are significant on 
It is also worth noting that for all of the 
There, because of the higher frequencies 
This suggests that the basic source genera- 
geometry of the combustor is extremely effective in 
"selecting" those frequencies to be resonant in the 
combustor. 
Comparison with Engine Data 
Earlier it was mentioned that one of the pri- 
mary motivations for conducting core noise studies 
in ducted component apparatus is because of the in- 
herent experimental flexibility of a component rig 
compared to an engine, and the significantly lower 
cost of testing new combustor designs in such a fa- 
cility. A natural question then arises as to the 
relationship between the pressure field measured in 
a component test facility and that obtained in an 
engine. 
This issue is at least partially addressed in 
Fig. 8, which contains data from pressure measure- 
ments taken in the combustor of an operating YF-102 
turbofan engine. The data for this one operating 
condition are typical for all conditions and were 
first reported, in part, in Ref. 9 .  For the engine 
tests conaucted in conjunction with Ref. 9, only two 
pressure measurement stations were available in the 
combustor. These corresponded to the reference and 
90" circumferential positions, and were at the same 
axial location, as in the present study. Only a 
limited comparison with the present data can be 
made, therefore. The engine data shown in Fig. 8 
are for the operating condition of the engine which 
correspond to combustor component operating condi- 
tion 3. 
In part (a) of Fig. 8 is shown the measured 
cross-spectral phase between the pressure at the 
reference position and at the 90" position in the 
engine combustor. This corresponds to the measured 
cross-spectral phase for the component combustor in 
this investigation shown in Fig. 4(c). It is clear 
from Fig. 8(a) that, at least for the one angular 
displacement of go', the cross-spectral phase in the 
engine combustor exhibits the same characteristic 
behavior as in the component combustor: the phase 
is either Oo or 180', with essentially no measured 
phase angles lying between these limits. A compar- 
ison of these data with those in Fig. 4(c) for the 
component combustor, furthermore, indicates fhat the 
frequency at which the phase switches from 0 to 
180' is also the same as the component combustor. 
(The random scatter in the phase data of the engine 
combustor, which occurs beyond about 1100 Hz, re- 
sults from the relatively low coherence between the 
two pressures due to a weak signal-to-noise ratio.) 
For this one angle, at least, the phase spectra be- 
tween engine and component combustor compare favor- 
ably. 
The amplitudes of the combustor pressure spec- 
tra measured in each facility are compared directly 
in Fig. 8(b). There are significant differences 
between the two especially in level, with the engine 
combustor spectrum (sol id 1 ine) approximately 3 to 
8 dB higher than the component combustor spectrum 
(dashed line) at most frequencies. 
the region of the spectra previously identified with 
the plane wave in the component combustor (up to 
about 300 Hz) the two are radically different. 
Beyond this frequency, however, except for the level 
difference, there is an important similarity. Though 
not as distinct, there are clearly local peaks in 
the engine combustor pressure spectrum which corre- 
spond to the individual modal peaks previously iden- 
tified in the component combustor spectrum. 
Furthermore, in 
5 
This observation, combined with the similari- 
ties in the characteristics of the cross-spectral 
phases, previously discussed, strongly suggest that 
the basic structure of the pressur\e field in the 
combustor is preserved between the component facil- 
ity and the engine. The differences in detail in 
the spectral content are likely due to inherent 
differences in the spectra of the source generating 
mechanisms. 
Conclusions 
An acoustic modal decomposition of the measured 
pressure field in a full-scale annular combustor in- 
stalled in a ducted test rig was performed. 
modal analysis was facilitated by the assumption of 
randomly occurring pressure disturbances which gen- 
erate equal amplitude clockwise and counter-clock- 
wise pressure waves, and an assumption of statisti- 
cal independence between modes. These assumptions 
were consistent with the measured cross-spectral 
phases between the various measurement points. 
least squares optimization routine was then used to 
decompose the measured data into a distribution of 
modes consistent with the assumed model. 
The 
A 
The resultant modal decomposition indicated 
that higher order modes compose the dominant portion 
of the combustor pressure spectrum in the range of 
frequencies of interest in core noise studies. It 
was further found that the individual modes present 
existed in virtual isolation in the sense of a par- 
ticular mode dominating the spectrum over a very 
broad frequency range. That is, individual regions 
of the combustor spectrum could be identified 
uniquely with a single individual mode. 
previously from an operating turbofan engine was 
also made. The comparison indicated sufficient 
similarities, especially with respect to the phase 
spectra, to warrant the conclusion that although 
there are differences in the combustor pressure 
spectral content, the structure of the pressure 
field between the component and engine combustors 
is duplicated. The use of ducted component appa- 
ratus, therefore, in place of fully operating tur- 
bofan engines can be a valuable technique for con- 
ducting certain types of combustion noise source 
diagnostics. 
A comparison with some limited data obtained 
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Figure 1. - Combustor component test facility. 
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Figure 2 - Schematic of flowpath and probe location. 
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Figure 3. - Measured cross-spectral amplitude, G0e (f); condition 3, 
P - 373 kPa. 
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Figure 3. - Continued. 
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Figure 4 - Measured cross-spectral phase.poe If); 
condition 3, P = 373 kPa. 
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Figure 5. - Reconstructed cross-spectralamplitude; condition 3, 
P - 373 kPa. 
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Figure 6. - Reconstructed cross spectral phase; 
condition 3 P = 373 kPa. 
, 
(b) I I I I I I 1 
0 200 400 500 600 800 lo00 1200 
FREQUENCY, f, Hz 
(a) Condition 1 (P 257 kPa). 
(b) Cond'ition 2 (P = 311 kPa). 
Figure 7. - Modal decomposition of combustor pressure. 
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Figure 8. - YF-102 engine combustor data. 
(8 = 900). 
auto-spectra, (P - 373 KPa). 
1. Report No. NASA TM-83334 
'* AIAA-83-0'760 
2. Government Accession No. 3. Recipient's Catalog No. 
E-1581 
Allen M. Karchmer 
10. Work Unit No. 
4. Title and Subtitle 
9. Performing Organization Name and Address I 
5. Report Date 
ACOUSTIC MODAL ANALYSIS OF A FULL-SCALE ANNULAR 
COMBUST OR 
7 Author(s) 
11 Contract or Grant No. 
6. Performing Organization Code 
505-31-32 
8. Performing Organization Report No. 
14. Sponsoring Agency Code 
Cleveland, Ohio 44135 
2. Sponsoring Agency Name and Address 
I 
5. Supplementary Notes 
Prepared for the Eighth Aeroacoustics Conference sponsored by the American Institute of Aeronautics and 
Astronautics, Atlanta,  Georgia, April 11-13, 1983. 
13. Type of Report and Period Covered 
Technical Memorandum 
6. Abstract 
An acoustic modal decomposition of the measured pressure field in a full-scale annular combustor installed 
in a ducted test rig is described. The modal analysis, utilizing a least squares optimization routine, is 
facilitated by the assumption of randomly occurring pressure disturbances which generate equal amplitude 
clockwise and counter-clockwise pressure waves, and the assumption of statistical independence between 
modes. These assumptions are fully justified by the measured cross-spectral phases between the various 
measurement points. The resultant modal decomposition indicates that higher order modes compose the 
dominant portion of the combustor pressure spectrum in the range of frequencies of interest in core noise 
studies. A second major finding is that, over the frequency range of interest, each individual mode which 
is present exists in virtual isolation over significant portions of the spectrum. Finally, a comparison be- 
tween the present results and a limited amount of data obtained in an operating turbofan engine with the 
same combustor is made. The comparison is sufficiently favorable to warrant the conclusion that the 
structure of the combustor pressure field is preserved between the component facility and the engine. 
17 Key Words (Suggested by Author(s)) 
Combustion noise 
Core noise 
Modal analysis 
Acoustic modes 
Combustor 
18. Distribution Statement 
Unclassified - unlimited 
STAR Category 71 
* For sale by the National Technical Information Service, Springfield, Virginia 22161 
19. Security Classif. (of this report) 
Unclassified 
20. Security Classif. (of this page) 21 NO. of Pages 22. Rice' 
Unclassified 
